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Summary  of  Important  Accomplishments 


1.  A  high  pressure,  high  temperature  piston  and  cylinder  appar¬ 
atus  was  constructed  and  tested  at  pressures  to  30  kbar  at 
temperatures  to  2150°C.  This  apparatus  is  designed  to  be 
used  as  a  research  tool  for  examining  high  temperature 
regions  of  the  phase  diagrams  of  nitrides,  carbides  and  oth¬ 
er  refractory  materials.  High  pressures  are  required  at 
high  temperatures  to  suppress  decomposition  or  sublimation 
occurring  in  these  materials  at  low  or  moderate  pressures. 

2.  Relatively  pure  Si3N4  powders  were  sintered  to  95%-99%  of 
theoretical  density  without  the  addition  of  sintering  aids. 
Sintering  was  examined  at  temperatures  between  1600°C  and 
2150°C  and  pressures  from  10  kbar  to  30  kbar.  The  sintered 
samples  were  characterized  according  to  crystal  phase  con¬ 
tent,  density,  microhardness  and  microstructure.  The  tem¬ 
perature  dependence  of  grain  growth  was  examined  and  an 
activation  energy  was  determined  for  this  process  to  be  100 
kcal/mole. 

3.  An  oxynitride  glass  was  made  from  starting  materials  having 
20%  Si,  20%  La,  20%  N  and  40%  0  in  atomic  %.  The  sample  was 
inhomogeneous  but  glassy  in  appearance.  There  was  no  evi¬ 
dence  of  foaming  or  appreciable  reaction  with  the  crucible. 
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I.  INTRODUCTION 

The  high  temperature,  high  strength  ceramics,  which  include 
the  nitrides,  carbides  and  borides,  will  satisfy  numerous  impor¬ 
tant  commercial  and  military  applications  if  the  problems  of 
impurity-induced  strength  degradation  and  that  of  forming  can  be 
solved.  Sufficient  progress  has  been  made  in  the  past  decade 
that  German  industrial  research  and  development  groups  are 
promising  a  commercial  ceramic  gas  automobile  engine  by  1990  and 
a  Japanese  company  announced  the  successful  testing  of  the 
world's  first  ceramic  diesel  engine  in  April  of  1982. ^  While 
these  reports  are  encouraging,  the  costs  of  component  fabrica¬ 
tion  and  property  shortcomings  suggest  that  significant  develop¬ 
ments  must  still  be  made  before  widespread  application  of  the 
high  performance  ceramics  will  become  a  reality. 

The  processes  contributing  to  the  majority  of  successes 
with  the  high  performance  ceramics  have  been  hot  pressing,  reac¬ 
tion  bonding  or  high  pressure  gas  sintering  of  single  component 
materials  such  as  Si3N4  or  SiC.  These  are  relatively  expensive 
processes  often  requiring  extensive  post  forming  machining  to 
obtain  precision  parts.  In  addition  these  processes  require 
several  percent  of  oxide  impurities  or  other  low  melting  temper¬ 
ature  additives  to  overcome  the  "unsinterable"  nature  of  the 
covalently  bonded  materials.  While  progress  is  being  made  in 
obtaining  better  sintering  aids  and  lower  impurity  levels,  it  is 
generally  accepted  that  the  intergranular  phase  resulting  from 
these  necessary  sintering  aids  and  impurities  is  the  cause  of 
observed  high  temperature  strength  degradation  and  creep 
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phenomena.  The  answer  to  these  problems  may  have  tc  come  from  a 
different  approach. 

Many  of  the  difficulties  in  forming  useful  shapes  and  in 
obtaining  the  ultimate  properties  of  these  materials  would  be 
overcome  if  they  could  be  melted.  The  refractory  nature  of 
these  materials  and  the  fact  that  they  decompose  or  sublime 
below  their  melting  temperatures  at  atmospheric  pressure  has 
prevented  the  application  of  such  a  solution.  By  using  high 
pressure,  however,  we  can  suppress  decomposition  and  sublimation 
to  examine  normally  inacessible  temperature  regions  of  the  phase 
diagrams  and  sinter  with  a  minimum  of  additives  or  determine 
melting  temperatures  if  melting  occurs.  What  we  suggest  is  a 
systematic  phase  diagram  study  of  the  refractory  ceramics  at 
high  temperatures,  the  ultimate  goals  of  this  approach  being  to 
find  melting  conditions  for  the  single  component  materials  or  to 
find  new  eutectic  compositions  which  provide  lower  temperature 
melting  or  sintering  and  the  possibility  of  more  conventional 
shaping  techniques  and  yet  superior  properties. 

Under  this  contract  we  have  completed  the  necessary  steps 
which  give  us  the  ability  to  do  a  systematic  search  for  meltable 
compounds  among  the  high  performance  ceramics.  We  have  built 
and  tested  a  piston  and  cylinder  type  high  pressure  furnace 
which  will  allow  us  to  do  sintering  and  melting  studies  at  pres¬ 
sures  sufficient  to  suppress  decomposition  and  sublimation.  In 
our  initial  work  we  have  studied  the  sintering  of  relatively 
pure  Si3N4  powders  and  have  obtained  densities  of  99%  of 
theoretical.  We  have  also  melted  a  high  nitrogen  content  (20 
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atomic  %  by  weight)  glass  in  this  apparatus.  This  is,  of 
course,  only  the  beginning  of  what  should  be  done.  What  remains 
is  to  conduct  the  systematic  phase  diagram  study  we  have  sug¬ 
gested. 


II 


DEVELOPMENT  OF  NEW  HIGH  STRENGTH  MATERIALS 


A.  Background 

The  nitrides  and  carbides,  particularly  Si3N4  and  SiC,  are 
currently  of  great  interest  because  of  their  excellent  proper¬ 
ties  at  high  temperature  and  stress.  Because  of  their  refracto¬ 
ry  nature  and  a  tendency  to  decompose  or  sublime  before  sinter¬ 
ing  is  achieved,  efforts  to  fully  sinter  "pure"  Si3N4,  SiC  or 
other  high  performance  nitrides  have  had  limited  success.  It 
has  been  necessary  to  employ  densif ication  aids  to  obtain  dense 
compacted  material.  While  these  densif ication  aids  provide  a 
means  of  obtaining  useful  materials,  they  also  tend  to  comprom¬ 
ise  the  properties  expected  from  the  pure  materials.  The  den- 
sification  aids,  generally  metal  oxides  and  some  nitrides  in  the 
case  of  Si3N4  and  Si  in  the  case  of  SiC,  are  materials  that  are 
or  combine  with  the  nitrides  or  carbides  plus  impurities  to  form 
an  intergranular,  viscous,  liquid  phase  at  sintering  or  hot 
pressing  temperatures  well  below  the  melting  or  decomposition 
temperatures  of  the  Si3N4  or  SiC  grains  themselves.  It  is 
believed  that  densif ication  is  promoted  through  a  solution 
reprecipitation  mechanism. ^ upon  cooling,  the  liquid  solidi¬ 
fies  and  forms  secondary  phases,  which  are  in  many  cases 
glasses,  although  the  distinction  between  glasses  and  crystals 
are  blurred  due  to  the  small  (10  -  50  A)^  thickness  of  the 
phase.  The  composition  of  the  glassy  phase  in  commercial  hot 
pressed  Si3N4  (HS  110)  has  been  determined  by  Kossowsky®  to  be 
11  SiC>2 : 4 . 5  CaO:  1  MgO:l  A1203  and  in  hot  pressed  SiC  (NC  201  or 
NC  203)  it  has  been  determined  by  Kossowsky  and  Miller®  to  be  an 
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aluminosilicate.  At  temperatures  above  1100  -  1200° C  these  high 
silica  oxide  glasses  begin  to  soften  because  of  their  relatively 
low  glass  transition  temperatures,  and,  as  noted,  it  is  often 
their  properties  which  ultimately  control  the  failure  of  the 
composite. 

To  obtain  materials  having  properties  superior  to  existing 
ceramics  will  require  new  densif ication  aids  or  new  compositions 
which  can  be  melted  in  pure  form  to  obtain  glasses  or  single 
crystal  materials.  There  is  a  great  deal  of  information  in  the 
literature  on  the  thermo-mechanical  properties  of  the  nitrides 
indicating  their  superiority  in  many  respects  (density  range, 
deformation  temperature,  elastic  moduli,  chemical  durability  and 
strength)  to  the  silica-based  oxide  glasses  forming  the  grain 
boundary  phases  of  most  present  composites.  It  is  not  unreason¬ 
able  to  assume  that  a  study  of  the  phase  diagrams  of  nitride 
crystalline  materials  would  reveal  the  presence  of  eutectic  com¬ 
positions  which  would  provide  superior  densif ication  aids  or  new 
easily  formed  high  performance  glasses  or  single  crystals. 

B.  Properties  of  High  Performance  Nitrides  and  S iC 

We  give  here  a  very  brief  summary  of  the  interesting  pro¬ 
perties  of  the  high  performance  ceramics  taken  from  several 
reviews.  Most  of  the  property  values  reported  here  can  be 
found  in  the  Metals  and  Ceramics  Information  Center  Report  MCIC- 
HB-07  Vol.  1  concerning  nitride  properties. By  this  summary, 
we  intend  to  point  out  those  properties  of  the  nitrides  and  SiC 
which  are  exceptional,  and,  if  obtainable  in  bulk  material, 
would  lead  to  significant  commercial  and  military  applications. 
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Perhaps  the  most  obvious  desirable  property  of  these 
materials  is  their  highly  refractory  character.  The  most  stu¬ 
died  of  the  nitrides,  Si3N4,  has  not  been  melted  but  vaporizes 
or  decomposes  above  approximately  1600° C  in  air.  Boron  nitride 
decomposes  at  about  2500° C  while  AIN  has  been  melted  at  about 
2700°C  under  1500  psi  nitrogen  pressure.  SiC  decomposes  or  sub¬ 
limes  above  2600° C.  While  the  refractory  character  of  these 
materials  is  highly  desirable  the  fact  that  most  of  them  cannot 
be  melted  creates  forming  and  densif ication  problems  which  are 
currently  the  cause  of  failur.  to  obtain  the  full  potential  of 
the  materials. 

Some  of  the  nitrides  and  SiC  have  a  high  Young's  modulus 
which  suggests  a  potentially  high  strength.  The  Young's  modulus 
of  Si3 N4  depends  strongly  on  the  method  of  formation.  Reaction 
sintered  forms  have  a  Young's  moduus  greater  than  21*i06  psi 
which  is  equal  to  or  greater  than  any  of  che  oxide  glasses  while 
more  dense  hot  pressed  forms  have  a  Young's  modulus  greater  than 
44xio6  psi.^  It  is  suggested  that  fully  dense  pure  Si3N4  would 
have  an  even  higher  modulus.  AIN  has  a  Young's  modulus  of 
50xio6  psi  while  the  values  reported  for  single  crystal  SiC  are 
as  high  as  85xl06  psi.^ 

The  range  of  densities  for  the  nitrides  is  extremely  wide, 

ranging  from  2.5  to  16  g/cm3.  The  highest  density  is  more  than 

50%  higher  than  one  would  expect  to  obtain  with  oxide  glasses. 

Other  properties  of  interest  are  specific  heats,  ranging  from 

0.05  to  0.5  Btu/lb°F  with  that  for  BN  being  the  highest  for  all 

ceramics,  and  hardness  as  high  as  3.3xl03  kg/mm2  for  Si3N4  which 
is  more  than  four  times  that  for  fused  silica. 
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Although  the  bending  strength  of  the  nitrides  and  carbides 
at  room  temperature  is  not  exceptional,  it  is  limited  primarily 
by  the  existence  of  surface  and  internal  flaws.  The  strength  of 
ceramics  and  all  brittle  materials  suffers  from  the  phenomenon 
of  stress  concentration  at  pre-existing  flaws.  Thus,  ability  to 
fabricate  materials  with  minimal  flaws  is  important  in  obtaining 
useful  strength.  An  important  property  of  the  strength  of  these 
materials,  however,  is  the  fact  that  it  does  not  degrade  signi¬ 
ficantly  at  high  temperatures.  An  examination  of  strength 
versus  temperature  for  hot  pressed  Si3N4  indicates  that  the 
strength  does  not  degrade  until  the  glassy  grain  boundary  phase 
begins  to  flow  at  about  1100  -  1200°C.-*-^  Reaction  sintered  Si3N4 
maintains  its  strength,  which  is  lower  than  hot  pressed  forms 
because  of  high  porosity,  well  above  these  temperatures. 
Recently,14  relatively  pure  Si3N4  has  been  densified  at  high 
pressure  and  temperature  without  additives.  This  material  has 
superior  high  temperature  hardness  compared  to  Si3N4  densified 
with  oxide  additives.  In  addition,  experiments  on  glass  optical 
fibers  coated  with  vapor  deposited  Si3N41:^  show  no  signs  of 
stress  corrosion  in  the  presence  of  water  vapor. 

A  major  reason  for  the  superiority  of  the  nitride  proper¬ 
ties  to  those  of  many  oxides  is  the  increase  in  bond  number 
afforded  by  nitrogen  compared  to  oxygen.  The  replacement  of 
oxygen  having  two  with  nitrogen  having  three  generally 
increases  the  density,  hardness,  modulus  of  rupture,  chemical 
durability  and  the  glass  transition.  This  can  be  seen  directly 
from  the  limited  data  on  oxynitride  glasses1^' ^  where  the  above 


property  values  increase  linearly  with  nitrogen  content  or  by 
analogy  to  other  glass  systems  such  as  the  chalcogenide  glasses 
where  more  data  is  available. 

For  example,  selenium  glasses  have  each  selenium  atom 
bonded  to  two  other  selenium  atoms  -Se-Se-Se-.  With  the  substi¬ 
tution  of  As  we  have  structures  of  the  form 

Se 

I 

Se  -  As  -  Se 

which  is  a  more  dense  structure  and  gives  a  higher  glass  transi¬ 
tion  temperature,  Tg.  Tg  is  further  increased  by  the  substitu¬ 
tion  of  Ge  with  four  bonds: 

Se 

I 

Se  -  Ge  -  Se 

I 

Se 

Tg  and  the  moduli  are  increased  as  the  percentage  of  As  and  Ge 
are  increased. 

Although  a  glass  transition  has  not  been  observed  in  single 
component  nitrides,  there  is  reason  to  believe  that  glasses  may 
exist  and  that  they  would  have  high  Tg's.  Amorphous  Si3N4  has 
been  formed  by  chemical  vapor  deposition.  Whether  this  is  a 
glass  has  not  been  determined.  A  recrystallization  temperature 
of  about  1400°C,  however,  has  been  observed.  This  would  indi¬ 
cate  a  glass  transition  temperature  near  that  value  if  it  were 
to  exist.  If  this  were  the  Tg,  it  would  be  several  hundred 
degrees  higher  than  that  of  fused  silica. 
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Further  evidence  for  a  high  Tg  is  the  general  observation 
that  Tg  is  approximately  2/3  Tm  (melting  temperature)  for  many 
single  component  glasses.  When  eutectics  are  found  between  high 
melting  temperature  compounds  it  is  generally  found  that  while 
Tm  is  lowered  considerably  the  effect  on  Tg  is  much  less  dramat¬ 
ic.  This  explains  why  most  commercial  glasses  are  chosen  to  be 
near  eutectic  compositions,  giving  ease  of  forming  while  retain¬ 
ing  the  useful  properties  associated  with  a  high  Tg. 

C.  Basis  for  the  High  Pressure  Studies 

There  is  a  severe  lack  of  information  on  the  phase  diagrams 
of  the  high  performance  ceramics  due  to  an  inability  to  melt 
them  at  high  temperature  at  atmospheric  or  moderate  pressures. 
It  is  believed  that  a  systematic  study  using  high  temperature, 
high  pressure  furnaces  would  offer  the  possibility  of  finding 
eutectic  compositions  among  these  compounds.  The  eutectic  com¬ 
pounds  should  yield  glasses,  single  crystal  materials  or  supe¬ 
rior  densif ication  aids  depending  on  whether  the  viscosity  is 
high,  low  or  intermediate.  Basic  research  should  provide  both 
better  materials  and  a  better  understanding  of  the  limitations 
on  their  use. 

An  ordinary  phase  diagram  study  of  the  nitrides  is  diffi¬ 
cult  or  impossible  due  to  their  well-documented  tendency  to 
decompose  or  sublime  at  high  temperatures.  These  tendencies 
must  be  suppressed  if  melting  or  sintering  experiments  are  to  be 
conducted  on  them.  Reaction  rate  theory  tells  us  that  the  rate 
of  decomposition  can  be  controlled  by  the  ambient  vapor  pres¬ 
sures  of  the  material  components.  Further,  if  thermodynamic 
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data  is  available  for  the  material  we  can  calculate  the 
equilibrium  vapor  pressure  as  a  function  of  temperature.  When 
the  components  of  the  material  are  prevented  from  leaving  the 
system  or  reacting  with  any  other  materials  such  as  furnace  ele¬ 
ments,  insulation,  etc.  and  the  equilibrium  vapor  pressures  are 

1 8 

equalled  or  exceeded  then  decomposition  will  be  prevented. 

The  JANAF  Ihermochemical  Tables19  contain  the  necessary 
thermodynamic  data  to  make  equilibrium  vapor  pressure  calcula¬ 
tions  for  Si 3N4 ,  one  of  the  more  important  refractory  ceramics. 
The  reaction  of  interest  is 


Si3N4  *  3Si(l)+2N2 (v)  t  3Si(v)+2N2(v) 


where  (1)  and  (v)  refer  to  the  liquid  and  vapor  forms  respec¬ 
tively.  One  can  first  calculate  the  equilibrium  vapor  pressure 
for  Si(v)  from 


P 


Si 


K, 


-AGsi/RT 


Where  Ps^  is  the  pressure  referred  to  the  reference  state  at  one 
atmosphere,  K1  is  the  equilibrium  constant.  G  is  the  free  ener¬ 
gy  change  for  vaporization,  R  is  the  gas  constant,  and  T  is  the 

absolute  temperature.  The  equilibrium  nitrogen  pressure  PN  can 

2 

then  be  estimated  from 


4GSi,Nt  +  34GSi 
(Psi)3(PN2;2  *  k2  -  e- - - 

where  K2  is  the  equilibrium  constant  and  G  is  the  free  energy  of 
formation  of  Si3N4.  Using  these  relations  and  the  data  from  the 
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JANAF  tables  we  have  calculated  the  equilibrium  nitrogen 
pressure.  This  pressure  is  plotted  as  a  function  of  temperature 
in  Figure  1. 

The  piston  and  cylinder  pressure  apparatus  that  we  have 
used  constitutes  a  sealed  system.  When  the  system  is  initially 
loaded  and  pressurized  any  void  spaces  existing  in  the  furnace 
assembly  and  between  particle  grains  was  filled  with  air  which 
is  largely  nitrogen  thus  the  nitrogen  partial  pressure  in  the 
system  was  initially  close  to  the  applied  pressure.  A  con¬ 
venient  minimum  operating  pressure  for  the  apparatus  is  about  10 
kbar.  This  pressure  is  sufficient  to  suppress  decomposition  for 
temperatures  as  high  as  3000°C  as  can  be  seen  from  Fig.  1.  This 
is  true  only  if  as  mentioned  above  neither  Si  or  N  vapor  are 
removed  by  chemical  reaction  with  materials  within  the  sealed 
furnace.  We  found  that  BN  crucibles  can  be  used  successfully  to 
prevent  reaction  or  vapor  transport  so  the  melting  studies  we 
envision  should  be  possible. 

Once  some  of  the  melting  temperatures  are  established  it  is 
likely  that  eutectic  compounds  having  significantly  lower  melt¬ 
ing  temperatures  will  be  found  as  has  been  the  case  for  the  sil¬ 
icates  and  other  chemical  systems.  The  discovery  of  such  eutec¬ 
tic  compounds  should  lead  to  one  or  more  of  three  possibilities: 
(1)  The  viscosity  of  the  melt  will  be  high,  favoring  glass  for¬ 
mation.  (2)  The  viscosity  will  be  intermediate,  suggesting  the 
probability  of  a  superior  densif ication  aid.  (3)  The  viscosity 
will  be  low,  favoring  the  formation  of  single  crystal  materials. 

In  all  of  these  cases  it  should  be  possible  to  approach  the 
superior  properties  indicated  for  the  pure  but  difficult  to  form 
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nitrides  and  SiC.  It  is  the  goal  of  this  research  to  discover 
and  characterize  these  new  materials. 
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III.  HIGH  PRESSURE/TEMPERATURE  APPARATUS 

A.  Introduction 

The  first  task  of  this  contract  was  to  construct  a  high 
temperature,  high  pressure  facility  that  would  enable  us  to  per¬ 
form  sintering  experiments  and  melting  point  determinations  for 
the  nitrides  and  other  refractory  ceramics.  High  pressures  are 
required  as  a  means  of  suppressing  the  common  tendency  of  these 
materials  to  decompose  or  sublime  before  their  melting  tempera¬ 
tures  are  reached.  High  temperatures  are  required  because  of 
the  highly  refractory  nature  of  the  high  performance  ceramics  of 
interest.  It  is  expected  that  useful  compositions  would  have 
melting  temperatures  in  the  2000  to  3000° C  range.  Fortunately, 
furnaces  which  can  operate  at  high  temperatures  and  pressures 
have  already  been  developed,20  primarily  by  geophysicists. 

We  selected  a  piston  and  cylinder  type  high  pressure  fur¬ 
nace  for  our  work.  Such  furnaces  have  been  used  to  more  than  50 
kbar  and  3000°C.  The  Carnegie  Institute  Geophysics  Laboratory 
in  Washington,  D.C.  has  been  using  such  apparatus  successfully 
for  twenty  years  or  more.  Their  staff  was  of  considerable  help 
in  the  design  and  construction  of  our  pressure  facility  which 
adopts  the  design  of  Boyd  and  England.  -L  We  constructed  the  high 
pressure  furnace  and  the  associated  pressure  and  temperature 
controls  and  used  the  facility  to  examine  the  sintering  of  rela¬ 
tively  pure  Si3N4  powders  and  a  high  nitrogen  content  glass. 
The  facility  was  tested  to  30  kbar  and  2150° C  during  the  course 
of  this  work.  The  details  of  the  furnace  are  given  below. 

B.  High  Temperature  High  Pressure  Furnace 
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The  high  pressure,  high  temperature  apparatus  that  we  built 
for  our  studies  was  based  on  the  design  of  Boyd  and  England** 
which  in  turn  was  based  on  designs  of  Coes^  and  of  Hall.^®  The 
basic  design  is  relatively  simple,  incorporating  a  cylindrical 
tungsten  carbide  pressure  vessel  which  is  pre-stressed  by  steel 
support  rings  or  "belts".  Pressure  is  delivered  by  a  cylindri¬ 
cal  piston  and  is  distributed  approximately  hydrostatically  to 
the  sample  via  crushable  refractories.  The  heater  consists  of  a 
graphite  cylinder  within  and  concentric  with  the  pressure  ves¬ 
sel.  A  large  hydraulic  press  provides  the  end  load  against 
which  the  piston  in  the  pressure  vessel  pushes. 

A  schematic  diagram  of  the  apparatus  and  the  details  of  the 
furnace  assembly  are  shown  in  Figures  2  and  3.  In  our  apparatus 
we  have  used  a  300-ton  capacity  hydraulic  forming  press  for 
applying  the  end  load.  The  press  was  a  sheet  metal  forming 
press  which  we  obtained  as  a  surplus  item  through  our  DARPA  con¬ 
tract.  We  redesigned  the  hydraulic  system  so  that  the  original 
electric  high  volume  hydraulic  pump  could  be  used  for  moving  the 
1000  pound  platen  to  the  approximate  height  to  apply  the  end 
load  to  the  bomb  assembly.  A  manual  auxilliary  hydraulic  pump 
was  added  so  that  the  end  load  could  be  applied  slowly  and  with 
adequate  control.  Gauges  were  also  added  so  that  a  known  end 
load  could  be  applied. 

The  300-ton  press  we  obtained  had  platens  which  were  42 
inches  on  a  side  and  were  much  larger  than  required.  Since  the 
bomb  assembly  was  only  7  inches  in  diameter,  it  was  necessary  to 
reinforce  the  platens  with  3-inch  thick  soft  steel  plates 


covered 


HIGH  PRESSURE  FURNACE 


FURNACE  INSERT 


TC  Insulator 


Steel  Plug 

Pyrophyllite 

Alumina 


Boron  Nitride 


■Alumina 


Figure  3. 


-19- 


by  1/2"  thick  hardened  steel  plates  to  spread  the  load  over  a 
large  area  of  the  platens  which  are  of  a  ribbed  cast  semi-steel 
construction.  The  large  size  of  the  platens,  though  somewhat 
awkward,  does  allow  the  possibility  of  upscaling  to  a  larger 
diameter  pressure  bomb  which  may  be  desirable  in  the  future. 

The  pressure  bomb  assembly  consists  primarily  of  four 
parts.  these  include  a  top  plate,  a  pressure  plate,  the  bridge 
and  a  100-ton  ram  with  a  carbide  piston.  The  top  plate  consists 
of  a  steel  ring  surrounding  a  carbide  disc.  The  plate  has  a 
groove  on  the  top  surface  for  a  thermocouple  insulator  and  the 
carbide  disc  has  a  hole  through  its  center  for  passing  the  ther¬ 
mocouple  and  insulator.  On  the  bottom  of  the  plate  a  circular 
recess  is  machined  which  is  connected  to  inlet  and  outlet  holes 
for  water  cooling.  A  threaded  hole  is  also  provided  in  the  side 
of  the  plate  to  attach  one  of  the  power  leads  for  the  heater. 
The  top  plate  is  electrically  insulated  from  the  press  by  a 
sheet  of  0.013"  thick  mylar. 

The  pressure  plate  consists  of  several  concentric  rings. 
The  outer  ring  is  of  soft  iron  and  is  a  safety  ring.  The  next 
two  rings  are  of  forged  alloy  steel  which  have  been  machined 
with  a  taper  so  that  there  is  several  thousandths  of  an  inch 
interference  in  their  fit.  The  core  of  the  pressure  plate  is  of 
tungsten  carbide  which  has  been  machined  with  a  taper  on  its 
outer  surface  and  a  1/2-inch  diameter  bore.  The  tungsten  car¬ 
bide  also  has  several  thousandths  of  an  inch  of  interference  fit 
with  the  steel  support  rings.  When  the  assembly  is  pressed 
together,  the  carbide  core  should  be  under  approximately  10  kbar 
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of  compression  at  room  temperature.  There  is  a  bevel  cut  in  the 
top  of  the  bore  of  the  carbide  into  which  a  matching  pyrophyl- 
lite  washer  is  placed  to  help  in  sealing  the  system  and  perhaps 
to  prevent  chipping  of  the  carbide.  The  pressure  plate  is 
electrically  insulated  from  the  top  plate  by  a  0.013"  thick 
mylar  sheet  having  a  1/2"  diameter  hole  in  its  center  to  permit 
passage  of  the  piston. 

The  bridge  is  a  steel  cylinder  which  contains  a  recess  for 
cooling  water  in  its  top  surface  and  inlet  and  outlet  holes  on 
the  sides.  The  side  also  has  a  threaded  hole  for  a  power  lead. 
The  center  portion  of  the  bridge  is  bored  out  sufficiently  to 
accomodate  the  half  inch  diameter  carbide  piston,  a  1-inch 
diamter  pusher  piston  and  the  3-inch  diameter  ram.  The  bridge 
is  constructed  so  that  a  3/4-inch  piston  could  be  used  in  place 
of  the  1/2-inch  piston.  This  could  be  used  with  a  pressure 
plate  having  a  3/4-inch  bore  which  can  be  used  to  produce  larger 
samples  but  of  course  has  a  lower  pressure  limit  than  the  small¬ 
er  system. 

The  ram  has  a  3-inch  diameter  cylinder  and  a  load  capacity 
of  approximately  100  tons  at  a  hydraulic  pressure  of  approxi¬ 
mately  23,000  psi.  The  hydraulic  pressure  was  supplied  by  a 
handpump.  The  maximum  pressure  supplied  by  the  i/2-inch  diame¬ 
ter  piston  is  approximately  36  times  that  of  the  hydraulic  fluid 
pressure  or  about  70  kilobar.  The  high  temperature  pressure 
limit  for  this  apparatus  is  significantly  lower  than  this  pres¬ 
sure  and  is  about  30  kbar  or  less  depending  on  temperature. 


C.  Run  Assembly 
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The  details  of  the  run  assembly  are  shown  in  Figure  3.  The 
assembly  consists  of  a  number  of  concentric  cylindrical  elements 
and  several  spacers.  At  the  top  of  the  run  is  a  steel  plug  with 
a  hole  through  its  axis  for  the  passage  of  the  thermocouple 
Insulator.  The  steel  plug  serves  as  the  electrical  lead  for  the 
top  of  the  heater  element.  The  plug  is  electrically  insulated 
from  the  carbide  bore  of  the  pressure  plate  by  a  sleeve  of  pyro- 
phyllite.  The  heater  assembly  consists  of  several  concentric 
cylinders  surrounding  the  sample  region.  The  first  cylinder 
serves  as  a  lubricant  for  removal  of  the  run  and  is  made  of  lead 
or  graphite  foil  approximately  3x10“ 3  inches  thick.  We  found 
that  the  lead  foil  works  well  when  the  pressure  plate  is  new; 
however,  as  the  plate  is  used,  cracks  develop  in  the  inner  wall. 
The  lead  tends  to  melt  during  a  run,  filling  these  cracks  and 
causing  difficulties  in  removal.  Graphite  foil  works  well  at 
all  times,  but  is  not  commercially  available  in  the  desired 
thickness.  We  found  that  it  could  be  thinned  sufficiently  by 
using  a  roller.  This  is  time-consuming  but  is  perhaps  the  best 
option  currently  available.  The  next  cylinder  is  of  talc  which 
serves  as  a  thermal  insulator,  an  electrical  insulator  and  as  a 
pressure  transmitter.  The  next  cylinder  is  of  Pyrex*  glass 
which  also  serves  as  an  insulator  and,  since  it  melts  at  the 
temperatures  of  interest,  as  a  pressure  transmitter.  The  Pyrex 
also  serves  to  trap  and  hold  any  water  released  by  the  talc  upon 
heating.  The  next  cylinder  is  the  graphite  heater  which  can 
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eithei  be  machined  from  graphite  rod  or  formed  from  graphite 
foil.  A  typical  heater  had  a  0.25-inch  inside  diameter,  a 
0.030-inch  wall  thickness,  a  length  of  1.25  inches  and  a  resis¬ 
tance  of  i.5xl0“2  0.  Failure  of  the  heater  element  is  one  of 
the  more  frequent  causes  of  a  run  failure.  The  most  usual 
failure  mechanism  is  rupture  of  the  heater  and  loss  of  electri¬ 
cal  continuity.  This  type  of  failure  occurs  if  the  various 
spacers  and  cylinders  making  up  the  heater  assembly  do  not  fit 
well  allowing  misalignment  and  nonsymmetric  stresses  on  the 
heater.  Poor  fit  and  misalignment  can  also  cause  loss  of  or 
poor  contact  between  the  heater  and  the  steel  plug.  These  prob¬ 
lems  are  particularly  present  when  using  a  thin  walled  heater  to 
maximize  the  available  sample  volume  and  to  increase  the  heat 
input  to  the  run  assembly,  as  will  be  explained  further  in  dis¬ 
cussions  of  the  temperature  control  of  the  furnace. 

The  region  inside  the  heater  cylinder  has  insulating 
spacers  at  the  top  and  bottom  which  are  made  from  a  crushable 
alumina.  The  top  spacer  has  a  hole  along  its  axis  to  pass  the 
thermocouple  insulator.  The  crushable  refractory  provides  suf¬ 
ficient  friction  on  the  thermocouple  insulator  when  pressure  is 
applied  that  it  prevents  the  extrusion  of  the  thermocouple  and 
insulator  out  of  the  furnace.  Extrusion  of  the  thermocouple  and 
insulator  if  it  occurs  can  cause  a  run  failure  by  causing  the 
thermocouple  to  break  or  to  short  ouc  against  the  top  plate  of 
the  assembly.  Between  the  spacers  is  the  crucible.  We  found 
that  for  Si3N4  a  BN  works  very  well  as  a  crucible  material.  Its 
structure  is  similar  to  graphite,  is  easily  machined  and  is  a 


-23- 


good  pressure  transmi t her.  The  crucible  was  shaped  into  a  small 
cylindrical  cup  approximately  0.25  inches  in  diameter  and  0.3 
inches  long.  A  cap  was  also  machined  to  close  the  crucible. 
The  BN  is  self-sealing  when  pressure  is  applied.  BN  has  two 
very  important  properties  for  its  use  which  are  that  it  seems  to 
provide  a  barrier  to  prevent  vapor  transport  of  Si  and  it  does 
not  seem  to  react  with  Si3N4  at  the  test  temperatures.  Earlier 
tests  made  with  crucibles  made  of  molybdenum  and  tantalum  foils 
showed  in  both  cases  that  the  metals  reacted  with  the  materials 
around  it  even  when  protected  with  alumina  sleeves.  It  was  not 
possible  to  find  any  Si3N4  after  the  runs  and  it  either  reacted 
or  decomposed.  Any  metal  remaining  was  badly  corroded. 

D.  Temperature  Monitoring  and  Control 

The  thermal  mass  of  the  heater  assembly  is  very  small  so 
the  response  time  of  the  system  is  short.  For  good  automatic 
temperature  control,  a  very  broad  proportional  band  is  required 
or  alternately  a  system  which  controls  a  small  fraction  of  the 
available  power  about  a  manually  set  equilibrium  power.  After 
initial  unsuccessful  attempts  to  use  a  Love  model  proportional 
temperature  controller,  we  found  that  it  would  not  satisfy  the 
above  requirements  and  the  system  oscillated  uncontrollably.  We 
found,  however,  that  the  system,  although  having  a  rapid  res¬ 
ponse,  was  remarkably  stable  with  time  if  the  power  input  was 
stable.  We  were  able  to  use  manual  control  to  obtain  a  tempera¬ 
ture  stability  of  better  than  ±5°C  over  a  period  of  an  hour,  the 
time  duration  of  most  of  our  runs. 


-24- 


Power  for  the  heater  was  supplied  from  a  208  volt  line 
which  was  fed  to  a  Sorenson  model  stabilizing  step  down  trans¬ 
former.  The  Sorenson  transformer  stepped  the  voltage  down  to 
120  volts  and  supplied  a  variable  autotransformer  which  in  turn 
supplied  the  primary  of  a  10  to  1  high  current  step  down  trans¬ 
former.  The  capacity  of  the  system  was  5  KVA  at  a  final  output 
voltage  of  12  volts  and  slightly  more  than  400  amps. 

The  power  that  can  be  supplied  to  the  system  heater  by  this 
system  is  in  practice  limited  by  the  resistance  of  the  graphite 
heater.  This  is  because  of  the  400  amp  current  limit  of  the 
final  transformer.  We  found  that  heaters  could  be  made  with 
resistances  ranging  from  about  1  to  3.5xl0-2  n.  The  higher 
resistances  are  achieved  by  making  the  heater  wall  thinner. 
This  procedure  results  in  a  weak  heater  and  a  high  percentage  of 
run  failures.  A  second  alternative  is  to  use  a  transformer  with 
a  higher  current  capacity  and  much  larger  heater  supply  cables. 
The  present  system  was  adequate  for  obtaining  temperatures  of 
2200° C.  If  higher  temperatures  are  desired,  some  solution  to 
the  problem  will  be  required. 

In  the  temperature  range  which  we  operated  (up  to  2150° C) 
we  could  monitor  the  temperature  with  tungsten  rhenium  alloy 
thermocouples.  These  alloys  are  very  brittle,  especially  after 
being  heated  to  form  the  thermocouple  bead.  We  used  two  differ¬ 
ent  alloy  thermocouple  pairs,  Tungsten-5  Rhenium  versus 
Tungsten-26  Rhenium  and  Tungsten-3  Rhenium  versus  Tungsten-25 
Rhenium.  Although  it  is  claimed  that  the  second  alloy  is  less 
brittle,  we  found  no  appreciable  difference  in  their  failure 
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rates  for  thermocouples  welded  using  a  tig  welding  method.  The 
brittle  nature  of  these  thermocouples  required  that  some  care  be 
taken  in  handling  them  to  prevent  weakening  and  subsequent 
failure  during  a  run.  These  thermocouples  are  usable  up  to 
about  2300° C.  Above  those  temperatures,  although  the  thermo¬ 
couple  wires  do  not  melt,  it  is  difficult  to  find  suitable  insu¬ 
lators  to  hold  the  wires.  If  future  experiments  are  to  be  done 
at  higher  temperatures,  some  other  means  of  temperature  determi¬ 
nation  than  thermocouples  will  be  required.  One  possibility  is 
to  estimate  the  temperature  from  the  input  power  to  the  heater. 
Our  observations  of  the  power  consumption  as  a  function  of  tem¬ 
perature  indicate  that  this  will  only  provide  a  crude  solution 
to  this  problem. 


-26- 


IV.  SINTERING  STUDIES 


A.  Introduction 

The  initial  three  quarters  of  the  contract  were  consumed 
primarily  by  the  construction  of  the  high  pressure,  high  temper¬ 
ature  apparatus.  In  the  remaining  quarter,  we  chose  to  conduct 
a  study  of  the  sintering  properties  of  Si3N4  with  a  minimum  of 
impurities  and  no  additives.  The  reasons  for  choosing  this  stu¬ 
dy  were: 

Si3N4  is  one  of  the  most  important  of  the  high  perfor¬ 
mance  ceramics; 

-  Relatively  pure  starting  powders  are  commercially 

available ; 

-  We  wished  to  examine  a  well-characterized  material  so 

that  we  could  see  if  there  were  any  significant  differ¬ 
ences  in  materials  sintered  with  and-without  signifi¬ 
cant  additives; 

-  This  study  would  be  a  good  test  of  the  capabilities  of 

our  system  and  would  demonstrate  the  efficacy  of  using 
pressure  to  prevent  decomposition  at  high  temperatures; 

-  The  scope  of  the  study  was  such  that  it  could  be  com¬ 

pleted  within  the  time  remaining  in  the  contract. 

We  examined  the  sintering  of  two  Si3N4  powders,  GTE  SN  402 
and  SN  502,  the  first  being  largely  amorphous  and  the  second 
being  more  than  50%  crystalline  in  form.  The  sintering  charac¬ 
teristics  of  these  materials  were  studied  as  a  function  of  tem¬ 
perature  and  pressure.  Some  of  the  physical  properties  of  the 
hot-pressed  samples  were  then  examined. 
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miorohardness ,  crystalline  phase  content  and  microstructure 
size.  We  were  also  able  to  examine  the  temperature  dependence 
of  the  grain  growth  in  the  microstructure  and  obtained  an  acti¬ 
vation  energy  for  the  process. 

Shortly  after  we  began  this  study,  an  article  was  published 
by  Yamada  et  al.  J  of  work  closely  paralleling  our  own  planned 
high  pressure  work  and  with  the  same  starting  materials.  We 
decided  to  continue  our  work  even  though  it  duplicated  in  part 
work  already  published  because  we  felt  that  the  opportunity  to 
compare  results  in  a  field  new  to  us  would  be  of  value.  In 
addition  we  planned  to  examine  the  sintering  behavior  under  sev¬ 
eral  conditions  not  reported. 

B.  Si  3N,f  Powder  Selection  and  Treatment 

There  are  a  number  of  relatively  pure  Si3N4  powders  avail¬ 
able  from  different  manufacturers.  We  obtained  several  samples 
and  the  manufacturers  analysis  of  impurity  content.  From  these 
we  selected  the  GTE  materials  as  having  the  smallest  impurity 
levels  among  those  powders  which  were  available  to  us.  There 
are  difficulties  in  measuring  impurity  levels  in  these 
materials,  especially  the  important  oxygen  impurity,  so  stated 
purity  levels  must  be  viewed  with  some  caution.  We  do  not  pre¬ 
sently  have  the  capability  to  analyze  the  oxygen  level  in  these 
materials  in  our  laboratories  so  we  were  forced  to  rely  on  the 
manufacturers'  values  and  on  values  reported  in  the  literature 
of  measurements  made  on  different  batches  of  the  same  type  of 
material.  In  Table  1  we  list  the  major  impurities  reported  by 
the  manufacturer  and  also  list  the  oxygen  contents  measured 


Sample  Phase  Contents  of  Elements  (wt%) 
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independently  on  different:  batches  of  the  materials  by  other 
researchers.  For  comparison,  we  show  the  major  impurity  levels 
for  a  sample  of  NC  132,  a  commercial  hot  pressed  material  made 
by  Norton  Co.  The  sample  contains  similar  or  higher  oxygen  con¬ 
tent  but  significantly  more  of  other  elements  which  act  as 
sintering  aids. 

In  addition  to  the  chemical  purity  of  the  starting  powders, 
it  has  been  found  that  the  particle  size  can  have  a  strong 
effect  on  the  sinterability  of  the  material.  SN  402  and  SN  502 
have  specific  surface  areas  of  19  and  3  m2/gm  respectively. 
Work  by  Greskovich^  indicates  that  to  achieve  high  density  with 
covalent  solids  using  conventional  sintering  one  should  start 
with  particles  having  a  specific  surface  area  of  approximately 
23  m2/gm  or  greater.  Neither  of  the  powders  we  chose  to  use 
satisfied  this  condition  as  received.  Since  we  wished  to  deter¬ 
mine  if  high  pressures  could  overcome  such  sintering  difficul¬ 
ties  and  because  we  did  not  wish  to  add  contaminants  to  the 
powders  we  chose  not  to  reduce  the  particle  size  before  our 
sintering  experiments. 

The  only  pre-treatment  given  to  the  powders  prior  to 
sintering  was  to  cold  press  them  in  a  die  to  form  a  pellet  which 
would  fill  the  BN  crucible.  The  cold  pressing  was  done  in  a 
steel  die  at  about  4  kbar.  This  yielded  pellets  with  a  density 
of  approximately  50%  of  theoretical  density  or  about  1.6  gm/cm3 . 


C.  Sintering  Procedure 
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The  details  of  a  typical  sintering  procedure  are  given 
below.  The  cold  pressed  Si3N4  pellet  is  loaded  into  a  BN  cruci¬ 
ble  which  is  then  closed  with  a  BN  cover.  Since  the  BN  is 
crushable,  the  crucible  and  cover  become  a  well-sealed  capsule 
surrounding  the  pellet  when  the  apparatus  is  pressurized.  The 
crucible  and  the  other  components  of  the  furnace  assembly  are 
loaded  into  the  pressure  plate  which  is  placed  on  top  of  the 
bridge  plate.  The  1/2  inch  piston  is  advanced  sufficiently  that 
the  steel  plug  at  the  top  of  the  furnace  assembly  protrudes 
slightly  from  the  pressure  plate  and  through  the  hole  in  the 
mylar  insulating  sheet  which  is  placed  on  top  of  the  pressure 
plate.  The  top  plate  is  then  placed  on  the  mylar  sheet  and  the 
thermocouple  hole  in  the  top  plate  is  lined  up  with  the  corres¬ 
ponding  hole  in  the  steel  plug.  The  thermocouple  and  its  insu¬ 
lator  are  then  put  in  position  with  the  tip  of  the  thermocouple 
just  touching  the  lid  of  the  crucible.  A  sheet  of  insulating 
mylar  is  then  placed  on  the  top  plate  and  the  large  press  is 
closed  and  pressurized  to  provide  an  adequate  end  load  (the 
larger  of  100  tons  or  1-1/2  times  the  runload) .  The  small  ram 
is  then  pressurized  to  about  10  kbar  which  is  sufficient  to  seal 
the  run  assembly.  Some  cracking,  normally  from  the  Pyrex  tube, 
may  be  heard  during  pressurization.  It  appears  that  the  amount 
of  compression  on  each  side  of  the  Pyrex  tube  and  in  fact  on  all 
parts  of  the  run  assembly  are  balanced  well  enough  that  distor¬ 
tion  and  run  failure  do  not  usually  occur.  The  cooling  water  is 
then  turned  on  to  give  a  flow  rate  of  approximately  2  gal/min. 
In  some  cases  an  auxilliary  water  cooling  jacket  of  copper  was 


-31- 


added  around  the  pressure  plate  to  prevent  overheating, 
expansion  of  the  support  rings  and  resulting  failure  of  the  car¬ 
bide  core. 

Heating  was  then  begun  with  the  temperature  being  raised  at 
approximately  300°C/min.  After  reaching  a  temperature  of  600°C 
to  700° C  the  pressure  of  the  small  ram  was  adjusted  to  give  the 
desired  run  pressure.  We  then  continued  to  raise  the  tempera¬ 
ture  to  the  desired  final  temperature  and  equilibrated  the  sys¬ 
tem.  Equilibrium  was  usually  reached  in  5  to  10  minutes 
whereafter  it  was  only  necessary  to  make  occasional  adjustments 
to  the  heater  power  to  maintain  the  temperature  within  a  few 
degrees  of  that  desired.  During  the  course  of  the  run  to  main¬ 
tain  the  desired  pressure  it  was  necessary  to  make  small  adjust¬ 
ments  in  the  small  ram  pressure  to  compensate  for  creep  and  oth¬ 
er  changes  in  the  run  components  during  heating. 

The  majority  of  our  sintering  experiments  were  conducted 
with  a  heating  time  of  one  hour  measured  from  the  time  of  reach¬ 
ing  temperature  equilibrium.  After  the  desired  heating  time  the 
power  to  the  furnace  was  cut  off.  Under  these  conditions  the 
estimated  initial  quenching  rate  for  the  sample  is  greater  than 
300°C/sec.  When  the  power  to  the  heater  is  cut,  the  pressure  on 
the  run  decreases  immediately  due  to  cooling  and  shrinking  of 
the  piston.  After  several  minutes  the  run  and  pressure  plate 
reach  room  temperature  and  the  cooling  water  is  shut  off  and  the 
apparatus  is  disassembled. 
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The  run  is  removed  from  the  pressure  plate  by  pushing  it 
out  with  a  hydraulically  driven  piston.  The  insulators  and  the 
heater  are  then  pealed  from  the  crucible.  The  BN  crucible  is 
then  chipped  and  ground  away  from  the  sample.  The  boundary 
between  the  BN  and  the  Si3N4  is  clearly  visible  indicating  lit¬ 
tle  if  any  reaction  between  the  two  materials.  The  sample  nor¬ 
mally  had  a  well  formed  right  circular  cylindrical  shape  and  was 
light  to  dark  gray  in  color.  Occasionally  the  sample  was  split 
in  a  plane  perpendicular  to  the  direction  of  the  piston  axis 
indicating  that  the  pressure  on  the  sample  was  not  truly  hydros¬ 
tatic.  The  samples  were  then  ground  and  polished  using  standard 
optical  polishing  techniques  with  cerium  oxide  or  diamond  being 
used  as  a  final  polishing  material.  The  samples  were  then  ready 
for  evaluation  of  their  density,  microhardness,  crystal  phase 
content  and  microstructure. 

D.  Density  Measurement 

Hydrostatic  weighing  was  used  to  determine  the  density  of 
the  samples  after  initial  attempts  to  measure  the  density  using 
a  glass  picnometer  were  abandoned  because  of  the  difficulty  of 
obtaining  consistent  results  with  samples  weighing  approximately 
0.5  g  or  less.  We  fashioned  a  small  weighing  basket  of  nichrome 
wire  to  hold  the  samples.  The  basket  was  then  suspended  from 
the  weighing  arm  of  a  microbalance  using  0.001  inch  diameter 

wire.  The  small  diameter  of  the  wire  decreased  any  effects  of 

* 

the  miniscus  formed  at  the  wire-water  interface.  The  samples 
were  weighed  in  air  and  then  in  water.  Care  had  to  be  taken  to 
insure  that  air  bubbles  did  not  adhere  to  the  samples  or  to  the 
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weighing  basket.  With  reasonable  care  the  weight  in  air,  W^, 
could  be  reproduced  within  50  yg  and  in  water,  W^,  within  about 
0.3  mg.  The  density  of  the  sample,  p,  was  then  calculated  from 


P 


WA-WW 


PH20 


where  q  is  the  density  of  distilled  water.  The  reproducibil¬ 
ity  of  the  density  values  was  better  than  0.5%. 

The  densities  of  several  samples  sintered  at  various  tem¬ 
peratures  and  pressures  are  given  in  Table  2.  These  samples  do 
not  include  the  sample  for  which  the  largest  density  was 
obtained  (p  =  3.14)  g/cc.  This  density  was  obtained  in  an 
aborted  run  which  only  lasted  about  fifteen  minutes  at  about 
1600°  C. 

Examination  of  the  density  data  does  not  indicate  any  clear 
trends  for  our  samples  sintered  for  an  hour  at  1600°C  or  above. 
The  majority  of  the  densif ication  must  occur  at  times  shorter 
than  one  hour  at  the  pressures  that  we  used  (10-30  kbar) .  Yama- 
da  et  al.23  found  in  studies  similar  to  ours  that  the  majority 
of  densif  ication  had  been  reached  in  30  minutes  or  less.  These 
observations  were  further  confirmed  by  us  by  density  measure¬ 
ments  on  several  samples  that  resulted  from  runs  that  were 
aborted  prior  to  one  hour.  In  fact,  as  mentioned  above,  the 
highest  density  we  observed  was  obtained  in  an  aborted  run  last¬ 
ing  about  15  minutes.  This  behavior  is  to  be  expected  and  is 
explained  qualitatively  by  Greskovitch  et  al.24  The  solution 


reprecipitation  mechanism  by  which  matter  is  transported  in  the 
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TABLE  2 


Processing 
Temp.  &  Press. 
(SN  502) 

Density 

g/cc. 

Crystal 
Phases 
(a-P  ) 

Micro-Hardness 
( GPa ) 

(500g  load) 

Grain  Size 
( pm) 

( length) 

1600°  C ,  1 Okb 

3 . 07±  0 . 01 

>90%  6 

16±1 

2 

1750°  C,  lOkb 

3 . 05±  0. 01 

>90%  6 

13±0.5 

5 

1900°  C ,  lOkb 

3.06±0.01 

>90%  0 

12±1 

8 

2050°  C ,  lOkb 

3 ,08±0. 01 

>  90%  0 

12±1 

15 

1600°  C ,  lOkb 

3 .07±0. 01 

>  90%  0 

16±1 

2 

1600°  C ,  20kb 

3 . 08±  0. 0 1 

— 

— 

<2 

1600° C ,  30kb 

3 . 13±0 . 01 

— 

- - 

<2 

2100° C ,  30kb 

3 . 06±  0 . 02 

— 

— 

3-4 

2150°  C ,  lOkb 
(SN  402) 

3 . 01±0. 01 

>90%  0 

11±0. 5(385g) 

10-15 

Norton  Si  N 
(NC  132) 

3. 25±0. 01 

— 

17 . 5±  0. 5 

— 

Alumina 

3.97 

— 

18 

— 

Diamond 

2-2.  5 

— 

80 

— 

[12]  ,  1281  (1981) 
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nitrides  at  high  temperatures  and  in  the  presence  of  even  small 
amounts  of  oxide  liquid  tend  to  promote  grain  growth  rather  than 
rearrangement  of  the  grains  and/or  coallescence.  The  formation 
and  growth  of  grains  with  a  high  aspect  ratio  impedes  the  den- 
rification  process  and  it  is  claimed  that  if  high  density  is  to 
be  obtained  it  must  be  complete  before  grains  with  high  aspect 
ratio  are  formed. 


E .  Microhardness  Measurements 

Microhardness  measurements  were  made  on  the  samples  using  a 
Leitz  Miniload  hardness  tester.  The  samples  were  mounted  in 
Bakelite  using  a  mounting  press  and  were  polished  using  diamond 
or  cerium  oxide  abrasives.  Diamond  indents  were  made  using  a 
Vicker's  diamond  indentor  using  loads  ranging  from  50  g  to  1  kg. 
The  indentor  load  was  applied  for  ~20  seconds.  After  several 
indents  were  made  the  indent  size  was  measured  and  the  micro¬ 
hardness  calculated  acording  to  the  formula 


Microhardness( MPa ) 


9. 8xl854xload(g ) 
(indent  length(ym))2 


The  microhardness  exhibited  a  load  dependence  with  the 
hardness  value  decreasing  with  Increasing  load  until  an  apparent 
saturation  was  reached  at  a  load  of  500  g.  The  observed  scat¬ 
tered  in  the  hardness  values  also  decreased  somewhat  with  load. 
At  higher  loads,  cracking  began  to  appear  at  the  corners  of  the 
indent  making  the  readings  suspect.  For  these  reasons  the 
results  obtained  with  a  500  g  load  were  judged  to  be  the  most 
reliable  and  the  measured  values  for  several  samples  are 
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reported  in  Table  2.  The  only  trend  indicated  by  this  limited 
data  was  that  the  hardness  seems  to  decrease  with  increasing 
sintering  temperature.  The  microstructures  examination  dis¬ 
cussed  below  indicates  that  the  higher  sintering  temperature 
results  in  increased  grain  size  and  may  be  responsible  for  this 
feature. 

F.  Crystal  Phase  Content 

The  crystal  phase  content  of  the  sintered  samples  was 
determined  by  x-ray  diffraction  using  graphite  filtered  Cu  Ka 
radiation.  The  weight  fractions  of  the  phases,  a  or  ft ,  were 
estimated  using  the  ASTM  9-250  for  the  a  phase  and  the  ASTM 
9-259  for  the  6  phase.  The  small  size  of  the  samples  limited 
the  accuracy  of  these  estimates  to  about  ±10%.  The  results  of 
the  measurements  are  given  in  Table  2.  The  results  indicate 
that  the  conversion  of  the  a  phase  to  the  S  phase  was  complete 
within  our  detection  limits  for  all  samples  examined. 

G .  Microstructure 

Scanning  electron  microscopy  was  used  to  examine  the  Si3N4 
starting  powders  and  the  development  of  microstructure  of  the 
processed  samples  as  a  function  of  both  the  sintering  pressure 
and  temperature.  The  secondary  electron  image  was  used  primari¬ 
ly  which  gives  topographical  information  on  the  surfaces  exam¬ 
ined.  Polished  surfaces  of  the  samples  revealed  little  image 
contrast  so  etching  of  the  surfaces  was  required.  An  etch  of 
40%  HF  and  20%  HN03  in  an  aqueous  solution  for  10  to  1 2  minutes 

at  room  temperature  was  us  3d.  A  typical  micrograph  of  an  etched 
area  within  an  indent  is  shown  in  Figure  4. 


4.  Micrograph  of  an  etched  area  within  an  indent 
in  Si^N^ 
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Examination  of  the  SN  502  starting  powder  showed  a  mixture 
of  thin  needle-like  particles  with  clusters  of  roughly  spherical 
particles  with  each  occupying  approximately  equal  volume.  The 
needles  were  approximately  10  pm  in  length  and  0.1  pm  to  1  pm  in 
width.  The  spherical  particles  were  approximately  1  pm  in  diam¬ 
eter.  This  is  consistent  with  the  manufacturer's  estimate  of  an 
average  particle  size  of  0.7  pm.  Different  particle  structures 
were  to  be  expected  since  the  powder  was  a  mixture  of  a  and  0 
crystalline  phases  and  of  amorphous  material. 

Samples  were  examined  that  had  been  sintered  at  1600°C  for 
one  hour  at  10,  20  and  30  kbar.  The  SEM  images  of  these  samples 
after  they  had  been  polished  and  etched  as  described  above 
revealed  that  the  etching  was  progressively  less  effective  on 
the  samples  as  a  function  of  increasing  sintering  pressure.  The 
surface  of  the  sample  sintered  at  30  kbar  showed  only  scattered 
etch  pits  on  the  surface.  This  observation  is  consistent  with 
the  fact  that  the  sample  prepared  at  higher  pressure  had  a 
higher  density  and  thus  fewer  voids  than  that  sintered  at  lower 
pressure. 

The  microstructure  size  of  a  set  of  SN-502  samples  sintered 
at  a  pressure  of  10  kbar  for  one  hour  at  temperatures  of  1600, 
1750,  1900  and  2050°C  was  determined  from  etched  regions  of  the 
sintered  samples.  The  average  microstructure  volume  was  esti¬ 
mated  from  the  average  length  and  cross  sectional  diameter  of 
the  elongated  hexagonal  grains  of  the  samples.  Typical  micro¬ 
graphs  of  each  sample  taken  at  a  magnification  of  3000  are  shown 
in  Figure  5.  The  increase  in  microstructure  size  with 


Figure  5.  Micrographs  of  Si^N,  samples  sintered  at  1600  C, 

1750  C,  1900  C  ana  2050  C  for  1  hour  at  10  kbar  showing 
the  effect  of  sintering  temperature  on  microstructure 
size . 
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temperature  is  clearly  visible  from  these  micrographs.  We 
attempted  to  quantify  this  observation  by  measuring  the  dimen¬ 
sions  of  large  numbers  of  grains  and  finding  the  average  volume 
calculated  from  these  dimensions  as  a  function  of  sintering  tem¬ 
perature.  The  uncertainty  in  these  measurements  is  large 
because  of  the  significant  range  of  particle  sizes  found  at  all 
temperatures  and  because  it  was  difficult  to  find  many  grains 
which  had  their  entire  lengths  exposed.  This  would  tend  to  dis¬ 
criminate  against  the  measurement  of  long  grains.  In  particu¬ 
lar,  one  would  expect  the  estimate  of  particle  volume  to  err 
increasingly  as  the  average  grain  length  increased,  i.e.  as  the 
sintering  temperature  increased.  Even  with  these  problems  one 
would  estimate  the  accuracy  of  the  volume  determinations  to  be 
better  than  25%  and  since  the  observed  volume  change  was  more 
than  two  orders  of  magnitude  it  seemed  reasonable  that  one  might 
try  to  estimate  an  activation  energy  for  the  grain  growth  pro¬ 
cess. 

Figure  6  shows  an  Arrhenius  plot  of  grain  volume  versus 
temperature.  From  this  we  obtain  an  activation  energy  for  grain 
growth  of  approximately  100  kcal/mole.  This  is  approximately 
the  same  activation  energy  measured  for  the  a+0  phase  transfor¬ 
mation  measured  in  Si3N4  sintered  with2  and  without23  signifi¬ 
cant  additives.  This  would  suggest  that  the  mechanism  responsi¬ 
ble  for  the  transport  of  material  resulting  in  the  phase  trans¬ 
formation  may  be  the  same  as  that  responsible  for  grain  growth. 
The  mechanism  most  commonly  reported  for  these  processes  is  that 
of  solution  reprecipitation.  The  liquid  phase  involved  is 


Grain  Volume  ( /*m  ) 


Figur 
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largely  oxide  in  composition.  Although  no  additions  were  made 
to  the  starting  materials,  significant  impurities  apparently 
exist  as  indicated  by  etching  of  a  low  durability  material  (pre¬ 
sumably  an  oxide)  between  the  Si3N4  grains  in  the  sintered  sam¬ 
ples  and  as  indicated  in  the  reported  chemical  analysis  of  the 
starting  powders.  The  densif ication  that  we  have  observed  in 
our  experiments  is  apparently  similar  in  nature  to  that  observed 
with  nitrides  containing  significant  additives.  The  use  of  high 
pressure,  however,  does  seem  to  help  promote  densif ication,  pre¬ 
vent  substantial  decomposition  and  decrease  the  additive 
requirements  for  densif ication. 

Samples  prepared  from  SN  402  which  is  an  amorphous  starting 
material  did  not  show  good  densif ication  below  temperatures  of 
2150° C.  Examination  of  the  raicrostructure  showed  the  same  elon¬ 
gated  hexagonal  crystals  as  in  the  sintered  SN  502  material. 
This  would  indicate  that  the  amorphous  phase  had  been  converted 
mostly  to  the  B  phase  during  sintering.  This  is  in  agreement 
with  the  x-ray  data.  The  difficulties  in  densifying  the  amor¬ 
phous  material  has  been  reported  by  other  researchers.2-^'2^  it 
is  possible  that  the  high  chlorine  content  of  the  starting 
materials  may  retard  densif ication.  It  has  been  reported  that 
Cl  retards  the  a  to  B  phase  transformation.2^ 

H.  Oxynitride  Glass  Fabrication 

To  examine  the  feasibility  of  melting  high  nitrogen  content 
oxynitride  glasses  in  our  high  pressure  apparatus  we  attempted 
to  melt  a  composition  having  the  highest  nitrogen  content 
reported  in  the  literature.27 


This  was  a  glass  with  20%  La,  20% 
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Si,  20%  N  and  40%  0  by  atomic  %.  The  starting  powders  were 
La203,  Si3N4  and  Si02  mixed  in  the  appropriate  ratio.  Mixing 
was  accomplished  by  dry  milling  the  powders.  After  mixing,  the 
powders  were  treated  in  the  same  fashion  described  above  for 
Si3N4  sintering.  The  cold  pressed  pellet  was  heated  for  one 
hour  at  1700°C  under  10  kbar  of  pressure. 

The  resulting  sample  was  only  examined  qualitatively.  The 
sample  had  formed  into  two  slightly  flattened  spheres  which  were 
smooth  and  glassy  in  appearance  but  were  inhomogeneous  in  color. 
There  was  no  evidence  of  foaming  or  of  significant  interaction 
with  the  BN  crucible.  Our  conclusion  is  that  this  method  would 
be  useful  in  melting  new  compounds  of  high  nitrogen  content  but 
the  additional  work  will  be  required  before  full  value  of  the 
procedure  can  be  adequately  appraised. 

I.  Summary  and  Conclusions 

We  constructed  and  tested  a  high  pressure  high  temperature 
facility  which  will  serve  as  a  useful  research  tool  in  studying 
the  sintering  and  melting  of  refractory  materials.  This  facili¬ 
ty  will  be  particularly  useful  in  studying  materials  which  show 
a  tendency  to  decompose  and/or  sublime  at  high  temperatures  at 
atmospheric  pressures  such  as  the  nitrides.  Using  this  facility 
we  initiated  preliminary  studies  of  the  sintering  characteris¬ 
tics  of  Si3N4  without  additives  and  melted  an  oxynitride  glass. 
We  were  able  to  obtain  densities  in  Si3N4  near  theoretical  even 
without  additives  using  high  pressure  sintering;  however,  we  saw 
no  evidence  of  melting  at  temperatures  to  2150°C.  The  sintering 
behavior  appears  to  be  similar  to  that  observed  in  conventional 
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hot  pressing  using  additives.  It  is  thought  that  oxide 
additives  and/or  oxide  impurities  provide  a  liquid  at  high  tem¬ 
peratures  which  promotes  densif ication  via  a  solution  reprecipi¬ 
tation  mechanism.  The  use  of  high  pressures  appears  to  reduce 
the  amount  of  liquid  required  but  the  liquid  still  appears  to 
play  an  important  role  in  the  material  transport  process.  This 
is  suggested  by  the  fact  that  grain  growth  and  the  a+B  transi¬ 
tion  have  approximately  the  same  activation  energy  in  Si3N4  sin¬ 
tered  with  and  without  additives  implying  that  the  same  material 
transport  mechanism  dominates  even  with  relatively  low  impurity 
content. 
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